The search for sharp features in the gamma-ray spectrum is a promising approach to identify a signal from dark matter annihilations over the astrophysical backgrounds. In this paper we investigate the generation of gamma-ray lines and internal bremsstrahlung signals in a toy model where the dark matter particle is a real scalar that couples to a lepton and an exotic fermion via a Yukawa coupling. We show that the Fermi-LAT and H.E.S.S. searches for line-like spectral features severely constrain regions of the parameter space where the scalar dark matter is thermally produced. Finally, we also discuss the complementarity of the searches for sharp spectral features with other indirect dark matter searches, as well as with direct and collider searches.
I. INTRODUCTION
Multiple astrophysical and cosmological observations have demonstrated that a significant fraction of the matter content of the Universe is in the form of new particles not included in the Standard Model, but belonging to the so-called dark sector (see [1, 2] for reviews). The dark matter (DM) particles were presumably produced during the very early stages of the Universe and must have a relic abundance today Ω DM h 2 ≈ 0.12 [3] . Among the various production mechanisms proposed, the freeze-out mechanism stands among the most appealing and predictive ones. In this framework, the dark matter particles were in thermal equilibrium with the Standard Model particles at very early times, but went out of equilibrium when the temperature reached a value ∼ m DM /25. Below this temperature, the expansion rate became larger than the annihilation rate and therefore the number density of dark matter particles per comoving volume remained practically constant until today, the value being inversely proportional to their annihilation cross section into Standard Model particles.
The annihilations that lead to the freeze-out of dark matter particles in the early Universe presumably continue today, at a much smaller rate, in regions with high dark matter density, such as in galactic centers. There exists then the possibility of testing the freeze-out mechanism if the flux of energetic particles produced in the annihilations is detected at the Earth. Unfortunately, the expected flux from annihilations is typically much smaller than the background fluxes from astrophysical processes, which makes a potential signal difficult to disentangle from the still poorly understood backgrounds.
A promising strategy to identify a dark matter signal is the search for sharp gamma-ray spectral features, such as gamma-ray lines [4] [5] [6] , internal electromagnetic * Electronic address: alejandro.ibarra@ph.tum.de † Electronic address: takashi.toma@durham.ac.uk ‡ Electronic address: maximilian.totzauer@mytum.de § Electronic address: sebastian.wild@ph.tum.de bremsstrahlung [7] [8] [9] or gamma-ray boxes [10] . Most dark matter models predict rather faint sharp spectral features, however, the predicted signatures are qualitatively very different to the ones expected from known astrophysical processes, thus allowing a very efficient background subtraction. As a result, searches for sharp gamma-ray spectral features provide limits on the model parameters which are competitive, and sometimes better, than those from other approaches to indirect dark matter detection. Recent works have thoroughly investigated the generation of sharp gamma-ray spectral features in simplified models, as well as the complementarity of the searches for spectral features with other search strategies, in scenarios where the dark matter particle is a Majorana fermion that couples to a Standard Model fermion via a Yukawa coupling [11] [12] [13] [14] [15] [16] [17] [18] , or in the inert doublet dark matter model [19] [20] [21] .
In this paper, we investigate the generation of sharp gamma-ray spectral features in the toy model of real scalar dark matter considered in ref. [22, 23] , where the Standard Model is extended with a real singlet scalar χ, candidate for dark matter, and an exotic vector-like fermion ψ, which mediates the interactions with the Standard Model fermions. In this model, the stability of the dark matter particle is ensured by imposing a discrete Z 2 symmetry, under which χ and ψ are odd while the Standard Model particles are even. We assume for simplicity that the new sector only couples to a right-handed lepton of one generation, f R = e R , µ R or τ R , in order to suppress potential contributions to lepton flavor violating processes such as µ → eγ. Under these simplifying assumptions the interaction Lagrangian of the dark matter particle with the Standard Model particles reads:
where H is the Standard Model Higgs doublet. This model has the peculiarity that the cross section for the tree-level two-to-two annihilation process χχ → ff , which sets the relic abundance over large regions of the parameter space, is d-wave suppressed in the arXiv:1405.6917v1 [hep-ph] 27 May 2014 limit m f → 0. On the other hand, the processes generating gamma-ray lines at the one loop level χχ → γγ, γZ or internal bremsstrahlung χχ → ff γ proceed in the swave. Therefore, for values of the parameters leading to the correct relic abundance, the expected indirect detection signals are relatively large compared to other models and, under some conditions, at the reach of present instruments [22, 23] .
The paper is organized as follows. In Section II we present the result for the cross sections and we discuss the relative strength of both signals. In Section III we present constraints on the model from perturbativity, thermal production, direct detection, indirect detection with charged cosmic rays and collider experiments. In Section IV we present a numerical analysis showing the complementarity of all these constraints, under the assumption that the dark matter particle was thermally produced. Finally, in Section V we present our conclusions.
II. SHARP GAMMA-RAY SPECTRAL FEATURES FROM SCALAR DARK MATTER ANNIHILATIONS
The gamma-ray flux generated by the annihilation of scalar dark matter particles receives several contributions. In this paper we will concentrate on the generation of sharp gamma-ray spectral features, which, if observed, would constitute a strong hint for dark matter annihilations. We will neglect, however, the gamma-ray emission generated by the inverse Compton scattering of the electrons/positrons produced in the annihilation on the interstellar radiation field, and will only briefly discuss the gamma-rays produced by the decay and hadronization of Higgs or gauge bosons since they do not generate sharp features in the gamma-ray spectrum.
The scalar χ does not have tree-level electromagnetic interactions. Nevertheless, annihilations into one or two photons are possible via higher order effects mediated by the Standard Model fermion f and the exotic fermion ψ, which do carry electroweak charges. More specifically, the interaction Lagrangian with photons of the charged fermions of the model reads:
while the interaction Lagrangian with the Z boson reads:
The annihilations χχ → γγ and γZ are generated at the one loop level, through the diagrams shown in Fig. 1 . In the Milky Way center, dark matter particles are expected to be very non-relativistic, v ≈ 10 −3 , thus generating a monoenergetic photon in the annihilation process. In the limit of zero relative velocity, the transition amplitude for the annihilation χχ → γγ can be cast as
as required by gauge invariance. Here, µ (k) is the polarization vector of the photon, α em is the electromagnetic fine structure constant, defined as α em ≡ e 2 /(4π) and A γγ is a form factor. The explicit expression for the form factor A γγ at the one loop level is rather complicated and is reported in the Appendix. The form factor greatly simplifies in the limit m f → 0 and reads 1 :
2 Finally, the annihilation cross section for χχ → γγ is given by
On the other hand, the transition amplitude for χχ → γZ can be cast, in the zero velocity limit, as
where µ (k 1 ), ν (k 2 ) are the polarization vectors of the Z boson and the photon, respectively, and A γZ is the corresponding form factor, which is reported in the Appendix. The cross section is in this case given by
On the other hand, the two-to-three annihilation into a fermion-antifermion pair with the associated emission of a photon results from Feynman diagrams shown in Fig. 2 , where the photon can be attached to either of the charged fermions. The differential cross section for this process reads: 
with x = E γ /m χ , while the total cross section is given by
As it is well known, the gamma-ray spectrum for the twoto-three process displays a sharp peak close to the kinematical endpoint of the spectrum, which becomes more and more prominent as µ → 1 [9] .
The relative importance of the one loop processes χχ → γV , with V = γ, Z, and the three body process χχ → ff γ is determined by µ ≡ m Fig. 3 , where we have taken m χ = 500 GeV for definiteness. For µ = 1 the cross section for the two-to-three process is 1.6 × 10 3 (2.9 × 10 3 ) times larger than the cross section for γγ (γZ). As µ increases, |A γγ | decreases and eventually changes sign at µ − 1 8.0 × 10 −3 . Accordingly, at this point the γγ cross section vanishes. For larger mass splittings, the relative importance of the one loop processes increases and they become the dominant process when µ 10 ( 19). A similar behavior arises in scenarios with Majorana dark matter particles coupling to leptons via a Yukawa coupling with a scalar field, as discussed in ref. [12] .
The gamma-ray flux generated by the two-to-three and the one loop annihilation processes depends on the cross sections in those channels. The dependence of these cross sections on the different parameters of the model is shown in Fig. 4 , where we have fixed in all the plots the Yukawa coupling y to 1. Approximate analytic expressions for the cross sections when µ 1 are
from where it is apparent the different dependence of the two-to-three and the loop-induced two-to-two processes with µ. As mentioned above, for (moderately) small mass splittings m ψ /m χ between the fermionic mediator and the scalar dark matter particle, the two-to-three process has the largest cross section, while for µ 10 the one loop processes dominate the annihilation. This is illustrated in Fig. 4 , top plots, where we show the annihilation cross sections for the relevant processes as a function of the dark matter mass for µ = 1.1 (left plot) and for µ = 25 (right plot). It is important to note that the values of the cross section when the loop processes dominate are fairly small. However, this does not imply that the one loop processes can be neglected in this model. As we will show below, gamma-ray lines can dominate the total gamma-ray energy spectrum, even for smaller values of µ, due to the sharpness of the gamma-ray line signal compared to the internal bremsstrahlung signal and the fairly good energy resolution of present gamma-ray telescopes, ∆E ∼ 10%.
We further investigate the dependence of the cross sections with the parameters of the model in Fig. 4 , bottom plots, where we show the cross sections as a function of the degeneracy parameter µ for two choices of the dark matter mass, m χ = 150 GeV (left plot) and m χ = 500 GeV (right plot). Again, and as apparent from the plots, for choices of parameters where the one loop processes dominate, the resulting cross section is rather small. The total energy spectrum of the channels leading to sharp spectral features reads:
(11) To investigate the relative strength of the gamma-ray line and the internal bremsstrahlung features, we have calculated the gamma-ray energy spectrum for various choices of µ assuming a Gaussian energy resolution of 10%; the result is shown in Fig. 5 for µ = 1.1 (top left), 4 (top right), 9 (bottom left) and 25 (bottom right). It is interesting that the gamma-ray lines give a significant contribution to the spectrum for µ ∼ 4 and totally dominate the high energy part of the spectrum when µ 9, despite the smaller cross section. Therefore, in the search for gamma-ray spectral features the contribution from gamma-ray lines ought not to be neglected. The relative importance of the gamma-ray lines will increase with the next generation of gamma-ray telescopes, such as GAMMA-400 [27] and DAMPE [28] , that aim to an energy resolution of ∼ 1% at E γ > 10 GeV.
III. COMPLEMENTARY CONSTRAINTS
The possibility of observing a spectral feature in the gamma-ray sky arising from scalar dark matter annihilations is subject to a series of theoretical and observational constraints. In this section, we discuss each of these constraints individually, while we will study their complementarity in section IV, along with the results of the searches for gamma-ray spectral features.
A. Perturbativity
Demanding perturbativity of the model translates into an upper bound on the Yukawa coupling y. We will use the common condition y < 4π as a conservative upper limit, however, and since the perturbative calculation of the annihilation and scattering rates is performed as an expansion in α y ≡ y 2 /(4π), we will also use the condition y < √ 4π.
B. Relic density
The freeze-out of the dark matter particles from the thermal bath, and accordingly the dark matter relic density, is determined by the following annihilation processes: i) the two-to-two annihilation χχ → ff through the Yukawa coupling y, ii) the higher order processes χχ → ff V via t-channel exchange of the heavy fermion ψ and the one loop annihilations χχ → V V (with V, V = γ, Z), iii) the two-to-two annihilation χχ → h → XX via the Higgs portal interactions, where X, X are Standard Model particles.
We note that the two-to-three annihilation channels χχ → ff V (and to a lesser extent also the one loop annihilations into a pair of gauge bosons) can contribute significantly to the total cross section at the time of freezeout, due to the d-wave suppression of the annihilation into ff . Furthermore, for mass ratios m ψ /m χ 1.2, the relic density is not set by the annihilation channels listed above, but by other (co-)annihilation processes, the most relevant ones being ψψ → f f, χψ → f γ and ψψ → FF , where F can be any Standard Model fermion. In particular, the latter process is present even for y = λ = 0. Consequently, for a given mass ratio m ψ /m χ , there is a lower bound on the dark matter mass m χ , below which these annihilation processes are sufficiently strong to suppress the relic density to values smaller than the observed one.
We fully take into account all relevant annihilation and coannihilation channels by adapting the micrOMEGAs code [29] for the solution of the Boltzmann equation, taking Ω DM h 2 0.12 as measured by Planck [3] . In this way, also the increase of the annihilation cross section close to the Higgs resonance is included, which suppresses the relic density for m χ m h /2 and values slightly below. For y = 0, our results agree reasonably well with [30] . In Fig. 6 we show the Yukawa coupling y leading to the observed dark matter relic density, for λ = 0 and different choices of the mass ratio m ψ /m χ . Setting the scalar coupling λ to non-zero values leads to a decrease of y thermal with respect to the values shown in Fig. 6 . This will be further discussed in section IV.
C. Direct Detection
The dark matter particle χ can scatter off nuclei via tchannel Higgs exchange with quarks 3 . The corresponding spin independent scattering cross section with nucleons is given by
where
is the DM-nucleon reduced mass, and f N = q f q is the Higgs-nucleon coupling. The latter is subject to significant nuclear uncertainties, in particular it is sensitive to the strangeness content f s of protons and neutrons. In the following we use the value f N = 0.345, as determined in the recent study [30] . Furthermore, we fix the Higgs mass to be m h = 125 GeV. The present upper limit from the LUX experiment [32] on the spin independent cross section can be used to set a limit on the scalar coupling λ as a function of the dark matter mass m χ , independently of the values of y and m ψ . This limit will be improved in the future by the XENON1T experiment [33] , which will have a sensitivity to σ SI which is approximately a factor 100 better than the current XENON100 experiment [34] . The present LUX limit, as well as an estimate on the projected sensitivity to λ of the XENON1T experiment, are shown in Fig. 7 as a solid and a dashed line, respectively.
D. Indirect detection
In addition to the sharp gamma-ray spectral features, the scalar dark matter model we consider in this paper leads to other potentially observable signals in indirect detection experiments, such as exotic contributions to the antimatter fluxes or the continuum gamma-ray flux. We will consider first the scenario where the Higgs portal coupling is set to zero and will discuss later on the impact of a sizable λ on the fluxes.
The annihilation channel ff γ is necessarily accompanied by the process ff Z, leading to the production of antiprotons via the decay and hadronization of the Z boson; this has been studied in detail in the context of Majorana dark matter [35] [36] [37] [38] . In the case of the scalar dark matter model at hand, we find for the differential cross section the expression
χ . Note that, while the differential cross section for ff γ in the case of scalar DM is simply a factor of 8 larger than for Majorana DM, this expression for ff Z has a different functional dependence on x and y compared to the corresponding process for Majorana DM (see e.g. [38] for the latter). The one loop annihilations into γZ and ZZ also contribute to the antiproton flux, however, these channels are only relevant when m ψ /m χ 3. In this regime, the resulting antiproton flux is too small to be observed, therefore, the one loop annihilation channels will be neglected in our analysis.
We use CalcHEP [39, 40] interfaced with PYTHIA [41] to produce the corresponding injection spectrum of antiprotons. The propagation to the Earth is implemented by using the standard two-zone diffusion model, neglecting energy losses and reacceleration; hereby, we use the same setup as in [38] to which we refer the reader for details. We employ the MIN, MED and MAX propagation parameters from [42] in order to bracket the uncertainty arising from the different possible parameters of the propagation model; furthermore, the analysis is done assuming a NFW halo profile, although this choice does not affect the limits significantly. Finally, solar modulation is included by means of the force-field approximation [43] with Φ F = 500 MeV. We then compare the sum of the propagated antiproton spectrum and the expected spallation background, which we take from [44] , with the PAMELAp/p data [45] . We perform a χ 2 -test at 95% C.L. in order to obtain the corresponding constraints on the Yukawa coupling y. The resulting limit is shown in Fig 8 as a function of the dark matter mass for m χ /m χ = 1.01 (left plot), 1.1 (middle plot) and 2 (right plot). We also show for comparison the values of the Yukawa coupling y leading to the observed relic abundance via thermal freeze-out for any values of m χ and m ψ . As apparent from the plots, present experiments are not sensitive enough to detect the antiprotons produced in the annihilations of scalar dark matter particles.
Besides antiprotons, also electrons and positrons can be produced in the annihilation processes. However, in contrast to the case of antiprotons, the observed positron fraction e + / (e − + e + ) is not compatible with the expectation from purely secondary positron production by spallation of cosmic rays. While the reason for the unexpected rise of the positron fraction as observed by PAMELA [46] , Fermi-LAT [47] and AMS-02 [48] remains unclear, the extremely precise data from AMS-02 can be used for setting strong limits on the annihilation cross section of dark matter into leptonic final states, notably when m DM 300 GeV [49, 50] .
In our scenario, for f = e − and m ψ /m χ 1, the injection spectrum of the positrons arising in the annihilation process χχ → e − e + γ exhibits a pronounced spectral feature towards the kinematical end point, which makes it separable from the smooth background, even after taking into account propagation effects. In the following, we use the limits on σv e − e + γ derived in [49] , and convert them into limits on the Yukawa coupling y, neglecting the subdominant process χχ → e − e + Z. It is important to note that the limit in [49] was derived under the assumption m ψ ≡ m χ , leading to the above-mentioned sharp spectral feature in the positron spectrum. Up to mass ratios m ψ /m χ 1.2, the spectrum of the positrons does not change significantly and our procedure of obtaining the corresponding limits on the Yukawa coupling is applicable; for larger values of m ψ /m χ , the positron spectrum becomes broader, making it harder to distinguish from the background. The limits for µ = 1.01 and 1.1 are shown, respectively, in the left and middle plots of Fig. 8 and, as for the antiprotons, are well above the value required by the freeze-out mechanism.
For λ > 0, new annihilation channels mediated by the Standard Model Higgs open up, the most relevant ones being χχ → W + W − , χχ → ZZ and χχ → hh. In the limit v → 0, the annihilation cross sections read , derived from the non-observation in the PAMELA data onp/p of a significant excess of antiprotons produced in the annihilation χχ → ff Z, with f = e, µ, τ (dashed blue lines, corresponding from top to bottom to the MIN, MED and MAX propagation parameters), as well as from the non-observation in the AMS-02 data on the positron fraction of the spectral feature generated in the annihilation χχ → e − e + γ (red solid line). The value of the Yukawa coupling required to generate the observed relic abundance via thermal production is shown, for comparison, as a black solid line. In all plots it is assumed λ = 0. 
with v EW = 246 GeV being the vacuum expectation value of the Standard Model Higgs. These annihilation channels contribute to the antiproton flux, and also lead to a featureless gamma-ray spectrum. In Fig. 9 , we show the annihilation cross sections into these final states, fixing λ to be the upper limit deduced from the LUX experiment (as shown in Fig. 7) . When comparing to the upper bounds derived in [51] from the PAMELA data on the antiproton-to-proton fraction, as well as the latest Fermi-LAT limits obtained by searches for gamma-ray emission from dwarf galaxies [52] , we find that these limits from indirect detection are always superseded by the upper limit on λ from the LUX experiment. Note that for simplicity, we only show the PAMELA and Fermi-LAT bounds for the annihilation channel χχ → bb; the constraints for the relevant annihilation channels listed above are all comparable [51, 52] , leading to the same conclusion.
E. Collider Constraints
The scalar dark matter model can be probed at colliders, most notably at the LHC. A full analysis of the collider constraints is beyond the scope of this work, and we focus on the Drell-Yan production of a pair of heavy fermions ψψ. These particles in turn both decay into the dark matter particle χ and the Standard Model lepton f (orf ), leading to a charged lepton pair plus missing energy. This signal is similar to the slepton search at LHC, however the production cross section for the charged fermion is about one order of magnitude larger than for a charged scalar [53] , leading to tighter constraints.
We calculate the production cross section pp → ψψ using CalcHEP [39, 40] , and compare it with the upper bound of the production cross section along with the analysis in ref. [54] . The computed production cross section depends only the heavy fermion mass m ψ . The experimental data is taken from ATLAS with the integrated luminosity of 20.3 fb −1 and √ s = 8 TeV [55] .
Additionally, we estimate a bound from the LEP experiment, based on a search for the right-handed selectron in the minimal supersymmetric Standard Model, with data collected in the energy range √ s = 183 − 208 GeV [56] .
This bound does not exactly apply to the model discussed in this work, and hence only serves as an estimation.
IV. CONSTRAINTS FOR THERMALLY PRODUCED SCALAR DARK MATTER
We present in this section the constraints on the parameter space of the scalar dark matter model from the negative searches for gamma-ray spectral features, assuming that the dark matter density was generated via thermal freeze-out, as well as the complementarity of these constraints with those discussed in section III from direct detection and collider experiments. Let us discuss separately the scenario where the scalar coupling λ is small and where it is sizable.
A. Small scalar coupling λ Let us discuss first the case where the coupling λ between the dark matter particle χ and the Standard Model Higgs doublet is very small, concretely λ 10 −3 . In this limit, and as argued in section III, the Higgs portal interaction is too suppressed to lead to observable signatures in the direct detection experiments LUX and XENON1T or in the indirect detection experiments AMS-02 or PAMELA. In this case, the requirement of reproducing the observed dark matter abundance via thermal production fixes the Yukawa coupling of the model as a function of m χ and m ψ .
We show in Fig. 10 the annihilation cross sections into ff γ and γγ for λ = 0 and for m ψ /m χ = 1.1 (left plot) and 3 (right plot) as a function of m χ in the scalar dark matter scenario. These cross sections can be compared to the searches for sharp spectral features in the gamma-ray sky performed by the Fermi-LAT [57] and H.E.S.S. [58] collaborations. Upper limits on the combined annihilation cross section σv ff γ + 2 σv γγ were derived in [12] , employing the spectrum of gamma-rays originating from a region close to the Galactic Center, for a model of Majorana dark matter which couples to a heavy scalar and a right-handed Standard Model fermion f R via a Yukawa coupling. Since the normalized energy spectrum of gamma-rays from the two-to-three processes is identical for the cases of scalar and Majorana dark matter, we adopt those limits for our analysis. These constraints are shown in Fig. 10 , together with the prospected sensitivity of CTA [59] , which we also take from [12] . 4 It follows from Fig. 10 that the Fermi-LAT and H.E.S.S. observations are currently probing regions of the parameter space where the scalar dark matter particle is thermally produced, as first mentioned in [22, 23] . We also show for comparison the corresponding thermal annihilation cross sections for the analogous model involving a Majorana dark matter candidate, as studied in e.g. [12] , and which is not expected to produce any observable signal in current-or next-generation experiments searching for gamma-ray spectral features, unless a boost factor of the Galactic gamma-ray signal is invoked [12] .
The complementarity of the various search strategies is illustrated in Fig. 11 , where we show the excluded regions in the parameter space of the scalar dark matter model, spanned by the mass ratio m ψ /m χ and dark matter mass m χ (assuming thermal production). In the left panel, the blue shaded regions enclosed by the solid lines are excluded by Fermi-LAT or H.E.S.S., while the red shaded regions surrounded by dashed lines are excluded by collider searches. The dark gray shaded regions in the right upper part of each plot are ruled out by the conservative perturbativity requirement y < 4π while the dotted black line shows the points with y = √ 4π. Lastly, the gray shaded regions in the lower left corners of the parameter space correspond to choices of parameters where the measured dark matter abundance cannot be generated via thermal freeze-out, due to very efficient coannihilations. It follows from the figures that the parameter space for thermally produced scalar dark matter particles is considerably constrained by the requirement of perturbativity of the theory, by collider searches and by the searches for sharp gamma-ray spectral features. In the right panel of Fig. 11 , we show the reach of CTA on the scalar dark matter model, assuming again thermal production. Remarkably, CTA has good prospects to probe practically the whole parameter space, in particular values of the dark matter mass which are inaccessible to present and projected collider searches.
B. Sizable scalar coupling λ
If the coupling λ is sizable, the direct detection signals can be significantly enhanced, as discussed in section III. Moreover, the Higgs portal coupling opens new additional annihilation channels at the time of freezeout. Therefore, and in order to reproduce to observed dark matter abundance, the Yukawa coupling y must be smaller compared to the case λ = 0. Accordingly, the intensity of the gamma-ray spectral features is expected to be smaller in this case than when λ = 0.
We show in Fig. 12 the parameter space of the scalar dark matter model, spanned by m ψ /m χ and m χ , for the value of the Yukawa coupling y leading to the observed dark matter abundance for a fixed value of the coupling λ = 0.03 (upper panels) or 0.1 (lower panels). Compared to Fig. 11 , which assumed λ = 0, we also include in the plots the choices of parameters excluded by the LUX experiment (left panels) and the projected sensitivity of the XENON1T experiment (right panels), shown as a hatched region. Moreover, depending on the value of λ, there is a range of dark matter masses m χ for which the Higgs-mediated annihilation channels are sufficiently strong to suppress the relic density below its observed value, independently of the Yukawa coupling y. This is indicated in Fig. 12 by the (nearly) vertical gray shaded strips. In particular, it is impossible to obtain the observed relic density for dark matter masses around m χ m h /2 63 GeV, even for very small values of λ, due to the resonantly enhanced annihilation processes mediated by the exchange of a Higgs particle in the schannel.
It follows from Fig. 12 an interesting complementarity between direct detection and collider constraints on the one hand, and searches for gamma-ray spectral features on the other hand: the LUX experiment and the LHC constrain the model for dark matter masses below 100 − 200 GeV (depending on the value of λ), while the Fermi-LAT and H.E.S.S. provide the strongest constraints for larger dark matter masses. Interestingly, some regions of the parameter space have been probed both by direct and indirect searches (and in some cases also by collider searches). The non observation of a dark matter signal then allows to more robustly exclude that part of the parameter space, in spite of the astrophysical uncertainties that plague the calculation of the direct and indirect detection rates. Conversely, some regions of the parameter space will be probed in the next years both by the XENON1T experiment and by CTA, thus opening the exciting possibility of observing dark matter signals in more than one experiment.
V. SUMMARY AND CONCLUSIONS
We have studied the generation of sharp gamma-ray spectral features in a toy model consisting in a scalar particle as dark matter candidate, that couples to a heavy exotic vector-like fermion and a Standard Model fermion via a Yukawa coupling. More specifically, we have calculated the cross section for the processes generating gamma-ray lines at the one loop level and generating line-like features through the two-to-three annihilation into two Standard Model fermions with the associated emission of a gauge boson. We have showed that the cross section for the two-to-three process is larger than for the loop annihilation when the fermionic mediator is degenerate in mass with the dark matter particle, the importance of the latter increasing as the ratio between the mediator mass and the dark matter mass becomes larger and larger.
We have also calculated the expected intensity of the sharp spectral features for a dark matter population produced via the freeze-out mechanism. In this model, the annihilation cross section into a fermion-antifermion pair proceeds in the d-wave, therefore reproducing the correct relic abundance via thermal production requires a rather large Yukawa coupling, which in turn translates into relatively intense indirect detection signals. In fact, we find that large parts of the parameter space are already excluded by the Fermi-LAT and H.E.S.S. searches for linelike features. We have also investigated the limits on the model from other indirect dark matter searches, direct searches and collider searches, and we have discussed the complementarity of these limits with those from the nonobservation of sharp features in the gamma-ray sky.
Note Added
During the completion of this work, we learned about an analysis of gamma-ray spectral features in the scalar dark matter model [60] . Their results agree with ours, in the aspects where our analyses overlap.
